Rationale: Cystic fibrosis (CF) is characterized by dietary antioxidant deficiencies, which may contribute to an oxidantantioxidant imbalance and oxidative stress.
Methods: In this investigator-initiated, multicenter, randomized, double-blind, controlled trial, 73 pancreatic-insufficient subjects with CF 10 years of age and older with an FEV 1 between 40% and 100% predicted were randomized to 16 weeks of an antioxidant-enriched multivitamin or control multivitamin without antioxidant enrichment. Endpoints included systemic antioxidant concentrations, markers of inflammation and oxidative stress, clinical outcomes (pulmonary exacerbations, anthropometric measures, pulmonary function), safety, and tolerability.
Measurements and Main Results: Change in sputum myeloperoxidase concentration over 16 weeks, the primary efficacy endpoint, was not significantly different between the treated and control groups. Systemic antioxidant (b-carotene, coenzyme Q10, g-tocopherol, and lutein) concentrations significantly increased in the antioxidant-treated group (P , 0.001 for each), whereas circulating calprotectin and myeloperoxidase decreased in the treated group compared with the control group at Week 4. The treated group had a lower risk of first pulmonary exacerbation requiring antibiotics than the control group (adjusted hazard ratio, 0.50; P = 0.04). Lung function and growth endpoints did not differ between groups. Adverse events and tolerability were similar between groups.
Conclusions: Antioxidant supplementation was safe and well tolerated, resulting in increased systemic antioxidant concentrations and modest reductions in systemic inflammation after 4 weeks. Antioxidant treatment was also associated with a lower risk of first pulmonary exacerbation.
Cystic fibrosis (CF) lung disease is characterized by chronic bacterial infection and neutrophil-dominated inflammation that leads to the release of vast amounts of proteases and reactive oxygen species (ROS) into the airways (1) . Normally, ROS and other oxidants are neutralized by the body's antioxidant defenses. In CF, however, exocrine pancreatic insufficiency and diminished bile acids cause malabsorption of important dietary antioxidants, including carotenoids such as b-carotene, tocopherols (vitamin E), coenzyme Q10 (CoQ10), and selenium. Despite treatment with pancreatic enzymes and supplementation with CF-specific multivitamins, dietary antioxidant deficiencies have been repeatedly demonstrated in individuals with CF, particularly in those with pancreatic insufficiency (2) (3) (4) (5) (6) (7) . Increased ROS in combination with deficient antioxidant concentrations result in an oxidant-antioxidant imbalance and oxidative stress in CF (8, 9) .
Optimizing antioxidant status in CF is an important clinical goal and may positively influence health outcomes. The results of several trials of oral antioxidant formulations in CF have been previously reviewed (10, 11) . In these studies, circulating antioxidant concentrations were consistently low before supplementation and improved with oral treatment. The evidence for clinical effectiveness, however, was mixed and not compelling across studies. A recent Cochrane Review, which examined the evidence for dietary antioxidant micronutrients (vitamins E and C, b-carotene, and selenium) as treatment for CF lung disease, concluded there has not been a single well-designed randomized controlled trial in this area (11) .
A panel of vitamin and antioxidant experts at a CF Foundation-sponsored antioxidant workshop recommended conducting carefully controlled trials, using antioxidant "cocktails," and including measurements of biomarkers of inflammation and oxidative stress in such interventional studies (10) . In two previous pilot studies, an oral formulation containing several vitamins and antioxidant micronutrients, specifically designed for individuals with malabsorptive disorders including those with CF, safely increased systemic antioxidant levels (12, 13) . Although these were not controlled clinical trials, modest improvements in weight and pulmonary function and small yet significant reductions in airway inflammation were observed over 8 to 12 weeks, supporting further clinical study of this antioxidant-enriched multivitamin supplement. Therefore, this investigatorinitiated, multicenter, randomized, controlled (phase II) study was conducted to further evaluate the effects of an oral antioxidant-enriched multivitamin supplement on antioxidant concentrations, markers of inflammation and oxidative stress, and clinical outcomes in CF. Some of the results of this study have been previously reported in abstract form (14) .
Methods Study Design and Population
This was a multicenter, randomized, double-blind, controlled trial conducted from September 2013 to October 2015 at 15 accredited CF care centers across the United States and coordinated by the CF Foundation Therapeutics Development Network Coordinating Center (ClinicalTrials.gov identifier: NCT01859390). Institutional review boards at each participating center approved the study, and each subject and/or his/her parent provided written informed consent (assent when applicable). Pancreaticinsufficient subjects with CF (documented by having a spot fecal elastase < 100 mg/g in a stool sample done either historically or at the screening visit) 10 years of age and older with an FEV 1 between 40% and 100% predicted were eligible to participate. Exclusion criteria were: unwilling or unable to discontinue current oral vitamin and antioxidant supplementation, use of dietary supplements with antioxidants, treatment with ivacaftor/oral corticosteroids/anticoagulant medications, liver enzymes greater than three times the upper limits of normal, use of antibiotics for respiratory symptoms within 2 weeks of randomization, recent initiation of new chronic therapy, active treatment for allergic bronchopulmonary aspergillosis or nontuberculous mycobacteria, severe malnutrition (body mass index [BMI] less than fifth percentile for subjects , 18 yr; BMI , 18 kg/m 2 for subjects > 18 yr), poorly controlled CF-related diabetes (Hb A1c > 7.5%), current tobacco smoker, and enrollment in another interventional trial.
The trial entailed four study visits (see Figure E1 in the online supplement). After the screening visit, participants were instructed to discontinue their current vitamin supplementation and take a control multivitamin without antioxidant enrichment (Table E1) , two softgel capsules once daily for 4 to 8 weeks. At visit 2 (baseline visit), subjects were randomized 1:1 to receive either the antioxidantenriched multivitamin (treated group) or continue on the control multivitamin (control group), two softgels once daily for 16 weeks (identical in appearance and taste to ensure blinding). An adaptive randomization algorithm was used based on stratification factors for: age (10-17 yr, >18 yr), FEV 1 % predicted (40-70%, .70-100%), chronic use of inhaled antibiotics, and chronic use of azithromycin. A fasting blood draw for antioxidant and vitamin concentrations and markers of inflammation and oxidative stress, anthropometric measures, and pulmonary function were obtained at baseline and at 4 and 16 weeks. Subjects were instructed to hold their vitamin formulations and fast for at least 8 hours before these study visits and blood draws, so that the most recent dose of the vitamin formulations was taken the prior day and more than 12 hours before the scheduled blood draw. Induced sputum and urine specimens were collected at baseline and Week 16 for markers of inflammation and oxidative stress. Biochemical measurements were performed in the CF Foundation Therapeutics Center for Biochemical Markers at the University of Colorado (detailed in the online supplement).
Primary and Secondary Outcomes
The primary endpoint was the difference between treatment groups in the change in sputum myeloperoxidase (MPO) from baseline to Week 16. Secondary endpoints included change from baseline to Weeks 4 and 16 in systemic antioxidant concentrations, systemic and sputum markers of inflammation and oxidative stress, vitamin levels, change from baseline in FEV 1 % predicted, weight, BMI, time to first protocol-defined pulmonary exacerbation, and number of exacerbations. Safety and tolerability were monitored throughout the study.
Statistical Analyses
The study was designed to enroll 80 participants to detect a log 10 difference between groups of 0.60 ng/ml (SD, 0.87) in sputum MPO with 80% power on the basis of a two-sided a of 0.05, assuming an attrition rate of 15% (12) . All analyses were based on a modified intent-to-treat population, defined as all randomized participants who received at least one dose of study drug. The primary endpoint was assessed using linear regression to model 16-week change in log 10 sputum MPO, adjusting for treatment group and randomization stratification factors. Secondary endpoint models for biochemical markers were adjusted similarly. Cox proportional hazards models were fit to estimate hazard ratios for time to first protocol-defined pulmonary exacerbation and graphically displayed using Kaplan-Meier estimates. Two sample t tests were used to compare all continuous variables by study group, whereas differences in proportions were tested using the Fisher exact test with confidence intervals (CIs) estimated using the Newcombe-Wilson method without continuity correction. Poisson regression with an offset for follow-up time was used to calculate rate ratios, CIs, and corresponding P values. No adjustments for multiple comparisons were made, and all testing was performed using a two-sided, 0.05 significance level; all analyses were performed with SAS version 9.4 (SAS Institute Inc.) or R version 3.0.3 (R Foundation for Statistical Computing).
Results

Subjects
Of the 120 screened participants, 74 met the eligibility criteria and 73 were randomized, 36 to the treated group and 37 to the control group ( Figure 1 ). Reasons that the goal of randomizing 80 subjects was not achieved are provided in the online supplement. All randomized subjects received at least one dose of study drug, constituting the modified intent-to-treat population. Baseline demographics and clinical characteristics for the randomized subjects are shown in Table 1 . The two groups were well matched. Two participants from each group withdrew from the study. The two control subjects and one treated subject withdrew per subject decision, and one treated subject withdrew because of flatulence/abdominal pain. The perprotocol population excluded 19 patients: 2 had a major protocol violation, 16 had study drug compliance less than 80%, 8 had sputum MPO missing at baseline or Week 16, and 6 had more than one of these criteria.
Compliance and Study Drug Discontinuation
Mean study drug compliance for the treated and control groups were 86% and 87%, respectively (P = 0.82; Table E2 ). Eightyone percent of the treated group had compliance greater than or equal to 80%, as compared with 76% of the control group. Two subjects (5.6%) in the treated group permanently discontinued study drug, as compared with four (10.8%) in the control group.
Primary Endpoint
The change in sputum MPO over the 16-week treatment period was not significantly different between groups. The adjusted mean difference between groups was 20.17 log 10 (ng/ml) (95% CI, 20.51 to 0.17; P = 0.32) (Figure 2 ).
Clinical Efficacy Endpoints
Pulmonary exacerbations. The time to first pulmonary exacerbation and rate of pulmonary exacerbations were more favorable in the antioxidant-treated group. The antioxidant-treated group had a significantly lower risk of first pulmonary exacerbation requiring antibiotics than the control group (covariate-adjusted hazard ratio, 0.50; 95% CI, 0.25-0.98; P = 0.04) (Figure 3 ). To account for the possibility that a higher number of older subjects (.30 yr) in the control group might be contributing to the difference in time to first exacerbation between the two groups, we included this age category in our adjusted model and found similar results (adjusted hazard ratio, 0.47; 95% CI, 0.24-0.91; P = 0.03). Nineteen out of 36 antioxidant-treated subjects (53%) experienced 28 protocol-defined exacerbations, as compared with 25 out of 37 control subjects (68%) who experienced 39 exacerbations (difference, 215%; 95% CI, 235% to 7%; P = 0.24; rate ratio, 0.72; P = 0.17). Although the hospitalization event rate was lower in the treated group, it was not significantly different compared with the control group (0.60 hospitalizations/participant-year in the treated group vs. 1.08 in the control group; rate ratio, 0.54: 95% CI, 0.20-1.31; P = 0.17).
Lung function. At Week 4, the absolute change in mean FEV 1 % predicted was 20.31% in the treated group and 22.60% in the control group (difference, 2.29%; 95% CI, 20.66 to 5.25; P = 0.12). The 16-week absolute change in mean FEV 1 % predicted in the treated group was 20.76%, compared with 22.20% in the control group (difference, 1.43%; 95% CI, 22.30 to 5.16; P = 0.44) (Figure 4) . Similarly, no significant differences between groups were observed for absolute or relative changes of FVC and forced expiratory flow in the midexpiratory phase.
Weight. No significant differences between groups were observed for 16-week change in weight or BMI. The 16-week difference in unadjusted weight z-score was 0.07 (95% CI, 20.10 to 0.25; P = 0.41) ( Figure E2 ).
Circulating Antioxidant and Vitamin Concentrations
At baseline, circulating antioxidant and vitamin concentrations were similar between the two groups. At Week 16, the following antioxidants were significantly higher in the antioxidant-treated group than in the control group (adjusted mean difference; P , 0.001 for each): b-carotene (0.04 mg/ml), CoQ10 (0.11 log 10 [mg/ml]), ORIGINAL ARTICLE g-tocopherol (0.38 log 10 [mg/ml]), and lutein (0.37 log 10 [mg/ml]) ( Figure 5 ). Pre-post changes in lycopene and glutathione peroxidase activity did not differ between groups. During the treatment period, the circulating vitamin levels (retinol, 25-hydroxy vitamin D, a-tocopherol, PIVKA-II [protein induced by vitamin K absence-II]) were not different between groups (Table E3) .
Biomarkers of Inflammation and Oxidative Stress
Several markers of inflammation and oxidative stress were assessed in blood, sputum, and urine specimens. None of these measures were different between groups at baseline (Tables E4 and E5) control group (Table E4) . At Week 16, however, changes in systemic (Table E4) and sputum (Table E5) biomarkers were not significantly different between the two groups.
Adverse Event Profile
The incidence of adverse and serious adverse events was similar between the two groups (Table E6 ). All serious adverse events were deemed unrelated to study treatment.
Discussion
In this multicenter, randomized, controlled trial in subjects with CF, antioxidant supplementation was safe and well tolerated. Although changes in lung function and weight did not differ significantly between groups, the antioxidant-treated group had a significantly lower risk of first pulmonary exacerbation requiring antibiotics. Adherence to study medication was high (approaching 90%), and circulating antioxidant (b-carotene, CoQ10, g-tocopherol, and lutein) concentrations increased in the treated subjects, demonstrating absorption of this antioxidant-enriched multivitamin supplement. Significant reductions in circulating calprotectin and MPO were observed in the antioxidant-treated group relative to the control group at Week 4, although no significant reductions in sputum MPO (primary outcome measure) or any of the secondary systemic and sputum markers of inflammation and oxidative stress were found at Week 16.
This specific formulation, which uses micelle-like particles to enhance absorption of fat-soluble nutrients (15) , is a "cocktail" containing several vitamins and micronutrients with antioxidant properties, including carotenoids (particularly b-carotene), CoQ10, mixed tocopherols (particularly g-tocopherol), and selenium. Numerous studies have shown that children and adults with CF are deficient in vitamin E (4, 16), b-carotene and other carotenoids (2, 3, 17, 18), CoQ10 (6, 19) , and selenium (7, 20) . The improvements in systemic antioxidant levels we found in this trial were analogous to previous pilot studies (12, 13) . We can only conclude that our findings are due to using the exact formulation investigated in this trial and cannot make presumptions about other combinations and formulations of antioxidants and vitamins. Improving antioxidant status alone may be sufficient justification to add antioxidants to commercially available vitamin or nutritional supplements. However, a key question we were trying to determine in this trial was whether improving antioxidant status in turn leads to reduction in inflammation and oxidative stress and positively affects health outcomes in CF.
There is strong rationale to normalize antioxidant concentrations in CF. Epidemiologic surveys among the general population have found that higher dietary antioxidant vitamin consumption (including b-carotene and vitamin E) and higher circulating antioxidant levels are associated with better pulmonary function and lower rates of lung function decline (21) (22) (23) (24) . Similarly, in CF, correlations between antioxidant concentrations and lung function have been reported (20, 25) . Low circulating concentrations of vitamins A and E have also been associated with an increased number of pulmonary exacerbations in CF (26) . Circulating antioxidant levels have been reported to decrease during acute exacerbations and increase after antibiotic treatment (27) .
The effect of this antioxidant formulation on time to first pulmonary exacerbation was significant and clinically meaningful. Consistent with our findings, previous studies have reported that b-carotene supplementation in CF normalizes b-carotene concentrations, leading to a reduced need for antibiotic therapy (18, 28) . The 50% reduced risk of time to first exacerbation observed in our trial compares to that observed in previous trials of recombinant human DNase (rhDNase) (29) , azithromycin (30) , and lumacaftor-ivacaftor (31) . Although the time to first pulmonary exacerbation is a more feasible endpoint than frequency (total number) of exacerbations, these two exacerbation endpoints are linked (32) . Shorter time intervals between exacerbations are associated with more frequent exacerbations, and both are risk factors for lung function decline (32) . In addition, when designing a study to detect a difference in pulmonary exacerbation frequency or treatment, it is important to account for the varying risk of exacerbations across the CF population, as lower lung function, female sex, prior exacerbation history, and Pseudomonas aeruginosa infection are associated with increased pulmonary exacerbations requiring treatment (33) .
Although subjects in the control arm experienced an acute decline in lung function at 28 days relative to participants in the treatment arm, there were not obvious differences between the groups at baseline. Per study inclusion criteria, participants had to be clinically stable, with no significant changes in health status within 2 weeks before randomization. The groups were very well matched in terms of clinical characteristics at the time of randomization, including the comparable use of chronic inhaled antibiotics and azithromycin therapy. These data do not indicate that the control group was at more risk for experiencing decline in lung function and more frequent pulmonary exacerbations. One potential explanation for the decrease in FEV 1 observed in the control group was that the 4-week run-in/wash-out period was an insufficient length of time to allow for b-carotene and other antioxidants to be depleted from the body of control subjects. Most of the commercially available CF multivitamins that study subjects were taking at the time of enrollment had added antioxidants, and control subjects may not have reached their antioxidant nadir at the end of the run-in period but rather during the first 4 weeks of the active treatment period. We also cannot exclude the possibilities that the respiratory health of control participants was more optimally controlled relative to the subjects receiving antioxidant treatment at the time of study entry or that control subjects were more adherent to treatments leading to shortterm improvements in lung function during the screening and run-in period. These reasons might explain an acute decline in lung function observed in the control group as they regressed to their mean values. Furthermore, because pulmonary exacerbations are associated with lung function decline (32, 34) , this could also account for the difference in time to first exacerbation between the groups.
It is important to recognize the effect of this antioxidant supplementation as an "add-on" therapy in intensely treated participants with CF, approximately half of whom were prescribed inhaled antipseudomonal antibiotics and chronic azithromycin therapy. This trial was performed before the approval of lumacaftor-ivacaftor, and treatment with these CFTR modulator therapies was an exclusion criterion for participation in this study. It is unknown whether the benefits of antioxidant supplementation would be observed on top of CFTR modulator treatment or whether modulator therapies might actually enhance the efficacy of antioxidants. But in contrast to these mutation-specific therapies, antioxidant therapy holds the promise of benefiting all patients with CF. Despite a significant increase in circulating antioxidant concentrations, this dietary antioxidant supplement did not appear to exert sustained antiinflammatory or antioxidative effects, as only modest reductions in circulating calprotectin and MPO occurred at Week 4. One consideration is that higher antioxidant concentrations are needed to effect a change in inflammation. The transient reductions in circulating inflammatory markers also raises the question as to whether treatment efficacy of the antioxidant-enriched multivitamin decreases over time. The lack of biologic activity in sputum may also be due in part to the relatively short study duration versus the intrinsic variability, particularly betweensubject variance, of sputum biomarkers (35) . It is possible that other standard-ofcare CF treatments hamper an ability to detect an antiinflammatory signal. For instance, rhDNase, chronic cycled inhaled antibiotics, and azithromycin therapy have known effects on inflammatory markers (36) (37) (38) . Similarly, oral and intravenous antibiotics are often prescribed, and these may affect biomarker measurements and treatment effects in CF clinical trials (39) . If these antioxidants are in fact working through an antiinflammatory mechanism, it does call into question the value of biomarkers of inflammation and oxidative stress measured in this study. Another possibility is that the antioxidants are mediating their effects through an alternative mechanism (e.g., improved muscle function or energy metabolism) or by enhancing immune cell function, which has been observed as b-carotene concentrations increase (40) .
In designing this study, we had considered whether to proceed with a larger, longer-term study targeting a clinical endpoint. However, recent antioxidant trials of inhaled glutathione and oral N-acetylcysteine in CF, both of 6 months' duration, provided caution, in that they did not demonstrably affect inflammation or oxidative stress or unequivocally improve clinical outcomes (41, 42) . Instead, we decided to perform a phase II study and selected sputum MPO as the primary efficacy endpoint, making sample size determinations on the basis of this endpoint. We chose MPO rather than another marker of airway inflammation, such as neutrophil elastase, because MPO generates reactive oxidant species as part of its function in innate host defense mechanisms and is considered by many a marker of oxidative stress. However, sputum MPO may not be the most appropriate marker to demonstrate the efficacy of this dietary antioxidant. Although we were surprised by the lack of clear antiinflammatory effects, the antioxidant supplement provided a benefit in an important clinical outcome. Suffice it to say, developing safe and effective antiinflammatory treatments remains a key priority to the CF community (43) .
Optimizing antioxidant status in CF is an important clinical goal. In this clinical trial, we showed that an antioxidantenriched multivitamin supplement safely increased circulating antioxidant concentrations and positively influenced a clinically relevant outcome in CF pulmonary exacerbations. This treatment resulted in a transient decrease in systemic inflammation without having a sustained effect on oxidative, proteolytic, or inflammatory measures. n Author disclosures are available with the text of this article at www.atsjournals.org.
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